Synaptic transmission involves a fast synchronous phase and a slower asynchronous phase of neurotransmitter release that are regulated by distinct Ca 2+ sensors. Though the Ca 2+ sensor for rapid exocytosis, synaptotagmin I, has been studied in depth, the sensor for asynchronous release remains unknown. In a screen for neuronal Ca 2+ sensors that respond to changes in [Ca 2+ ] with markedly slower kinetics than synaptotagmin I, we observed that Doc2-another Ca 2+ , SNARE, and lipid-binding protein-operates on timescales consistent with asynchronous release. Moreover, up-and downregulation of Doc2 expression levels in hippocampal neurons increased or decreased, respectively, the slow phase of synaptic transmission. Synchronous release, when triggered by single action potentials, was unaffected by manipulation of Doc2 but was enhanced during repetitive stimulation in Doc2 knockdown neurons, potentially due to greater vesicle availability. In summary, we propose that Doc2 is a Ca 2+ sensor that is kinetically tuned to regulate asynchronous neurotransmitter release.
INTRODUCTION
Evoked neurotransmitter release often consists of two kinetically distinct components: one phase in which Ca 2+ influx triggers rapid synchronous release with a time course of several milliseconds and another slow asynchronous phase that can last for tens or hundreds of milliseconds at glutamatergic synapses. Whereas fast synchronous release is essential for rapid communication with downstream neurons, asynchronous release allows for the modulation of postsynaptic excitability on relatively long timescales, which in turn can alter action potential firing patterns (Best and Regehr, 2009; Iremonger and Bains, 2007; Lu and Trussell, 2000; Peters et al., 2010) . Moreover, asynchronous release has been implicated in neural network activity, including persistent reverberation (Lau and Bi, 2005) . Fast synchronous release is regulated by the Ca 2+ sensor, synaptotagmin I (syt I) (Koh and Bellen, 2003) . Syt I binds Ca 2+ ions via its tandem C2 domains, C2A and C2B, with the C2B domain playing a critical role in triggering fusion in response to Ca 2+ (Mackler et al., 2002; Nishiki and Augustine, 2004a; Robinson et al., 2002; Gaffaney et al., 2008) . Syt I triggers fusion via interactions with both soluble NSF attachment protein receptor (SNARE) proteins and membranes (Chapman, 2008) .
In the absence of syt I, asynchronous release not only persists but is significantly enhanced (Liu et al., 2009; Nishiki and Augustine, 2004b) . A recent study, using photolysis of caged Ca 2+ to trigger uniform increases in [Ca 2+ ] i in syt I knockout (KO) hippocampal neurons, revealed that Ca 2+ signals were transduced to membrane fusion with slower kinetics than in wild-type (WT) cells (Burgalossi et al., 2010) . These findings provide direct support for the existence of a yet-to-be identified second sensor with distinct biophysical properties.
A compelling candidate Ca 2+ sensor for asynchronous release is the double C2 domain protein, Doc2. Three isoforms of Doc2 have been identified: Doc2a, Doc2b, and Doc2g (Fukuda and Mikoshiba, 2000; Orita et al., 1995; Sakaguchi et al., 1995) . All three isoforms are cytosolic proteins consisting of a unique N-terminal sequence and two C2 domains, C2A and C2B. Doc2a and Doc2b bind to phospholipids in response to Ca 2+ (Kojima et al., 1996; Orita et al., 1995) ; Doc2g exhibits less robust Ca 2+ -dependent membrane binding activity, potentially due to the absence of three acidic Ca 2+ ligands in the C2A domain of this isoform (Fukuda and Mikoshiba, 2000) . Doc2a and Doc2b have both been shown to directly interact with Munc13 and Munc18 and were proposed to modulate secretory vesicle exocytosis at a step that precedes fusion, such as docking or priming (Mochida et al., 1998; Verhage et al., 1997) . However, more recent work revealed that the C2 domains of Doc2 not only interact with Ca 2+ and phospholipids, but can also bind SNARE proteins (Friedrich et al., 2008) and stimulate SNAREmediated membrane fusion in vitro (Groffen et al., 2010) . Doc2a and b modulate secretory vesicle exocytosis in PC12 cells and chromaffin cells (Friedrich et al., 2008; Orita et al., 1996; Sato et al., 2010) . These are the predominant isoforms expressed in brain, and both are present in presynaptic terminals (Groffen et al., 2006) . Though Doc2a KO neurons exhibited normal synaptic transmission in response to single action potentials (Sakaguchi et al., 1999) , slight defects in short-term synaptic plasticity, long-term potentiation, and memory retention were observed (Sakaguchi et al., 1999) . Moreover, two recent studies concluded that Doc2 regulates Ca 2+ -dependent spontaneous synaptic vesicle (SV) fusion events (Groffen et al., 2010; Pang et al., 2011) . Given these earlier findings, Doc2 emerges as a candidate Ca 2+ sensor that might function to trigger asynchronous exocytosis in neurons.
In the present study, we analyzed Doc2a and Doc2b using in vitro time-resolved lipid binding assays and found that Doc2 responds to changes in [Ca 2+ ], with markedly slower kinetics as compared to the cytosolic domain of syt I (syt), and operates on a timescale consistent with asynchronous neurotransmitter release. Via patch-clamp recordings of cultured hippocampal neurons, we observed that the extent of asynchronous release can be specifically modulated through knockdown (KD), KO, or overexpression of Doc2. Importantly, syt I-triggered synchronous release was not directly affected by KD/KO of Doc2 but was enhanced during high-frequency train stimulation, an effect that is likely due to attenuated competition for vesicles from the asynchronous phase of release. Finally, KD of Doc2a inhibited the occurrence of persistent reverberation in neural networks composed of high-density cultures of neurons. Together, these data demonstrate that Doc2 is a slow Ca 2+ sensor that plays a critical role in asynchronous neurotransmitter release.
RESULTS

Doc2 Regulates SNARE-Dependent Fusion In Vitro via Interactions with Lipids and SNAREs
If Doc2a or Doc2b serve as Ca 2+ sensors for SV exocytosis, they would be expected to bind to SNAREs and membranes in a Ca 2+ -promoted manner. Indeed, previous GST pull-down assays revealed interactions between Doc2b and the target membrane SNAREs (t-SNARE) syntaxin 1A and SNAP-25B (Friedrich et al., 2008; Groffen et al., 2010) . We extended these experiments to study the interaction of Doc2 isoforms with membrane-embedded full-length t-SNAREs using a coflotation assay; robust Ca 2+ -promoted binding of both Doc2a and Doc2b was observed (Figures S1A and S1B available online). We also confirmed that Doc2b (Groffen et al., 2010) as well as We then utilized an established SNAREmediated membrane fusion assay (Tucker et al., 2004) to assess the abilities of Doc2a and Doc2b to regulate Ca 2+ -triggered membrane fusion in vitro; syt served as a reference. In all three cases, addition of Ca 2+ triggered an increase in the rate of vesicle fusion. However, under the conditions used in this experiment, Doc2a and Doc2b yielded slower, less efficient fusion than syt ( Figure 1A) ; by titrating Ca 2+ , we also observed conditions under which Doc2b stimulated more robust fusion than syt (e.g., [Ca 2+ ] < 0.1 mM). The rank order of Ca 2+ sensitivity was Doc2b > Doc2a > syt ( Figure 1B ; see also Groffen et al., 2004; Groffen et al., 2006) . Analogous to syt, the ability of Doc2 to stimulate membrane fusion in vitro was strictly dependent on the presence of PS in the vesicles; in all cases, fusion was not observed when PS had been omitted ( Figure 1C , left) . Interestingly, titration of all three C2 domain proteins revealed that both isoforms of Doc2 were more sensitive to increases in PS, from 15% to 25%, than was syt ( Figure 1C , middle and right). Thus, the local PS concentration at release sites is likely to have a larger effect on the activity of Doc2 versus syt I in vivo.
Under SNARE-free conditions (i.e., using vesicles lacking SNAREs) or in the presence of the cytosolic domain of synaptobrevin 2 (cd-syb), no fusion was observed (Figures S1E-S1G), demonstrating that Doc2a-and Doc2b-regulated fusion reactions are dependent on cognate SNARE pairing.
A hallmark of syt lies in its ability to fold SNAP-25 onto syntaxin, in response to Ca 2+ , to form functionally active heterodimers (Bhalla et al., 2006) , but the ''traditional'' fusion assay monitors the fusion of t-SNARE vesicles, containing preformed syntaxin,SNAP-25 heterodimers, with v-SNARE vesicles (Figure 2A) . In order to test whether Doc2 can assemble functional t-SNARE heterodimers, vesicles harboring syntaxin alone were incubated with free SNAP-25 and syt, Doc2a, or Doc2b ( Figure 2B ). All three C2 domain proteins were able to accelerate fusion between syntaxin vesicles and v-SNARE vesicles in response to Ca 2+ in the presence of free, soluble SNAP-25. When SNAP-25 or syt/Doc2 was omitted from the reactions, little if any fusion was observed. Therefore, analogous to syt, these experiments reveal that Doc2a and b are capable of doing work on SNARE proteins by driving the assembly of functionally active SNARE complexes in response to Ca 2+ ( Figure 2C ).
We note that Doc2 efficiently aggregates membranes in response to Ca 2+ (J.D.G. and E.R.C., unpublished data), and a recent study demonstrated that aggregation is sufficient to drive membrane fusion in vitro using standard fusion assays that employ preassembled t-SNARE heterodimers (Hui et al., 2011) . However, aggregation cannot drive fusion if ''split'' t-SNAREs (i.e., membrane-embedded syntaxin plus soluble SNAP-25) are utilized. Hence, the data reported here reveal that Doc2 can regulate fusion in a manner that does not merely involve aggregation of vesicles but, rather, requires functional interactions with SNARE proteins.
Doc2 and Syt Interact with Membranes on Different Timescales in Response to Changes in [Ca
2+
] If Doc2 serves as a Ca 2+ sensor for asynchronous synaptic transmission, we would predict that it will bind to membranes with slower kinetics and would disassemble from Ca 2+ /membrane complexes on much longer timescales than syt, i.e., well after Ca 2+ microdomains have collapsed in presynaptic boutons. To address this issue, the membrane binding kinetics of syt and Doc2 were determined using a stopped-flow spectrometer. Syt, Doc2a, or Doc2b was rapidly mixed with liposomes, which harbored PS and dansyl phosphatidylethanolamine (dansyl-PE), plus Ca 2+ . Fluorescence resonance energy transfer (FRET) from endogenous aromatic residues in each protein to dansyl-PE resulted in the sensitized emission of the dansyl-acceptor, which was monitored in real time ( Figures 3A, 3B , and S2A).
The traces were fit with double exponential functions; although a significant fraction of the signal could be attributed to the slow component (30%-45% for Doc2, < 10% for syt), the fast component predominated and was plotted as a function of liposome concentration ( Figure 3C ). Doc2a and Doc2b exhibited $4-and 3-fold slower membrane binding kinetics, respectively ( Figure 3D ). These data suggest that, during Ca 2+ influx, syt will respond first (i.e., before Doc2) to drive rapid exocytosis (Shahrezaei and Delaney, 2005; Burgalossi et al., 2010) .
To mimic the rapid decrease in [Ca 2+ ] i that occurs shortly after influx in nerve terminals, protein,Ca 2+ ,liposome complexes were rapidly mixed with excess EGTA ( Figure 3E ) and the rates of disassembly were determined at 14 C using vesicles with 25% PS ( Figure 3H ). The syt data were fitted using single exponential functions, whereas the Doc2 measurements were fitted using double exponential functions. The slow component of Doc2 disassembly predominated, accounting for $68%-77% of the signal. Doc2a and Doc2b both displayed dramatically slower rates of disassembly (310-320 ms) from vesicles as compared to syt (4.7 ms) ( Figures 3F-3H ). The rate of disassembly of Doc2 from membranes was dependent on both temperature and the mole fraction of PS in the liposomes. The time constant (t) was determined for vesicles containing 15% or 25% PS and was plotted as a function of temperature (Figures S2B and S2C) . Under all of the conditions tested, Doc2 disassembly occurred on significantly slower timescales (a few hundred ms) than syt (a few ms).
In summary, these in vitro experiments indicate that both isoforms of Doc2 can trigger membrane fusion through interactions with Ca 2+ , SNAREs, and PS and support the hypothesis that Doc2 is kinetically tuned to function as a Ca 2+ sensor for asynchronous neurotransmitter release. (B) Fusion assays were carried out using ''split t-SNAREs'' in which syntaxin-alone was reconstituted into the t-SNARE vesicles and free SNAP-25 was subsequently added in a soluble form; under these conditions, fusion is not observed unless Ca 2+ and syt-and, as tested here, Doc2-are added to drive folding of SNAP-25 onto syntaxin, resulting in fusion activity (Bhalla et al., 2006) . (C) Fusion assays using syt (left), Doc2a (center), or Doc2b (right) were carried out with preassembled t-SNARE vesicles or syntaxin vesicles plus free SNAP-25. In the presence of Ca 2+ , all three proteins were able to drive assembly of active t-SNARE heterodimers capable of fusing with syb vesicles.
Doc2 Knockdown Reduces Asynchronous Release in Cultured Syt I KO Neurons
In the next series of experiments, we turned to electrophysiological recordings to determine whether Doc2 acts as a Ca 2+ sensor for asynchronous neurotransmitter release. We observed significant levels of Doc2a expression in cultured hippocampal neurons ( Figure 4A ). However, Doc2b was not detected in our cultures by immunoblot analysis using purified Doc2b as a standard ( Figure 4B ). These findings are consistent with a report indicating that Doc2a is highly expressed in adult neurons (after day 5), whereas Doc2b expression declines during neuronal maturation (Korteweg et al., 2000) .
To directly examine the effects of Doc2a on asynchronous release, we first utilized syt I KO neurons in which the synchronous component of release is largely absent, thus providing a purely asynchronous component of transmission (Geppert et al., 1994; Nishiki and Augustine, 2004b) . Cells were infected with lentiviruses encoding short hairpin RNAs (shRNAs) specific for Doc2a or Doc2b, which efficiently knocked down Doc2 expression in neurons (Doc2a) or HEK293T cells (Doc2b) (Figures 4A, 4B, S3A, and S3B) . Comparing evoked excitatory postsynaptic currents (EPSCs) between syt I KO neurons and KO neurons expressing Doc2 shRNAs ( Figures 4C and 4D ), Doc2b shRNA had no effect on the total charge transfer (p > 0.5), consistent with the lack of detectable Doc2b protein in these cultures. This lack of an effect by Doc2b shRNA also serves as a negative control; lentiviral infection and expression of a nonrelevant shRNA did not influence synaptic transmission in these experiments. Strikingly, we observed a significant decrease in the total charge transfer in Doc2a KD neurons (p < 0.001). This effect was not due to a reduction in the size of the readily releasable vesicle pool (RRP) or in the number of postsynaptic AMPA receptors, as Doc2a shRNA did not affect either the total postsynaptic current elicited by application of hypertonic sucrose ( Figure 4E ; p > 0.5) or the charge transferred during quantal release events (Figures S3C and S3D; p > 0.5). These findings indicate that Doc2a can modulate asynchronous SV release through a presynaptic mechanism. Furthermore, the impairment of evoked EPSCs by Doc2a shRNA was rescued by lentiviral expression of Doc2b in neurons (Figures 4C and 4D; p > 0.05) . Thus, Doc2b can functionally substitute for Doc2a to drive asynchronous release. The low levels of asynchronous release that persist in Doc2a KD neurons are mediated by residual Doc2 or other redundant proteins that also function to regulate asynchronous release. Figure S2A ). (C) Each trace was fit with a double exponential function, and the rate of the fast component was plotted as a function of the liposome concentration. Each point represents the mean ± SEM from at least three independent experiments. (D) The on rates, off rates, and dissociation constants were determined from the plots shown in (C). (E) Disassembly of Ca 2+ ,Doc2 or syt from liposomes upon rapid mixing with excess EGTA to chelate all Ca 2+ .
(F and G) (F) The first 200 ms of a representative syt disassembly trace and (G) the first second of representative Doc2a and Doc2b traces are shown. The rate of disassembly was determined for syt by fitting the data with a single exponential function; Doc2 data were fit with a double exponential.
(H) The data from at least five separate experiments were analyzed, and the mean ± SEM for each kinetic component and the t values were determined.
Next, we investigated the impact of Ca 2+ ligand mutations in Doc2 during evoked asynchronous neurotransmitter release. Two Ca 2+ ligands in C2A and two putative ligands in C2B were neutralized by substituting the native aspartatic acid residues with asparagines (designated as Doc2a-CLM). We first found that overexpression of WT Doc2a in syt I KO neurons led to an increase in charge transfer (Figures 4F and 4G; p < 0.001) . Surprisingly, overexpression of Doc2a-CLM triggered much larger increases in asynchronous release than the WT protein (>4-fold; p < 0.001). This observation indicates that Doc2a-CLM is a gain-of-function mutant form of Doc2a, which is consistent with previous studies of Ca 2+ -triggered spontaneous fusion events (Groffen et al., 2010 ; see also Pang et al., 2011) .
For comparison, we investigated the effects of a loss-offunction alanine mutant form of Doc2b (designated as Doc2b-4A) on asynchronous release in syt I KO neurons ( Figure S3E ). In this construct, three apolar residues at the distal tips of two presumptive membrane penetration loops (Chapman, 2008) were replaced with alanines (note: the fourth membrane penetration ''tip'' harbors a naturally occurring alanine). This results in a reduction in side-chain volume, thereby reducing the ability of this protein to interact with membranes and stimulate fusion in vitro (Groffen et al., 2010) . In contrast to WT Doc2b, this mutant form of the protein was unable to enhance asynchronous SV exocytosis ( Figure S3F ) and thus serves as a negative control. Finally, we generated a syt I/Doc2a chimera composed of the luminal domain, transmembrane region, and linker of syt I fused to the C2AB domain of Doc2a (TM-Doc2a). In syt I KO neurons, this chimera was targeted to presynaptic boutons and presumably SVs ( Figure S3G ), where it resulted in a significant increase in asynchronous glutamate release without affecting the kinetics of the cumulative charge transfer ( Figures  S3H-S3J ). These experiments demonstrate that the localization of the Ca 2+ sensor does not account for the kinetic differences between synchronous and asynchronous release reported here.
Doc2 Does Not Affect Fast Synchronous Transmission Evoked by Single Action Potentials
The reduction in asynchronous release due to Doc2a KD could be the result of a nonspecific effect on evoked SV release. In this case, one would expect that changes in synchronous and asynchronous release would be correlated. In order to address this issue, we examined WT neurons, which exhibit both phases of transmission ( Figure 5A ), by first using AM-EGTA, which slowly chelates intracellular residual Ca 2+ following action potentialtriggered Ca 2+ influx, to virtually abolish asynchronous release ( Figures S4A and S4B ) (Hjelmstad, 2006; Maximov and Sü dhof, 2005; Otsu et al., 2004) . Neurons preincubated with AM-EGTA or that expressed Doc2a shRNA did not exhibit significant changes in EPSC amplitude ( Figure 5B ). However, the decay kinetics of the EPSCs were markedly faster under both conditions as compared to untreated neurons, resulting in much more rapid cumulative charge transfer during evoked release ( Figures  5C, S4E , S4G, S4H, and S4J); the rise time remained unchanged ( Figure S4F and S4I). The faster kinetics in Doc2a KD neurons are not caused by changes in postsynaptic AMPA receptors, as the kinetics of individual miniature EPSCs (mEPSCs) were unaffected ( Figures S4C and S4D ). To quantitatively analyze the fast and slow phases of SV release, the cumulative charge from evoked responses was fit with a double exponential function to determine the amplitude of each component. The charge transferred during the slow asynchronous phase of SV release exhibited a clear reduction in Doc2a KD or AM-EGTA treated neurons (Figure 5D ; p < 0.001); the time constants for asynchronous release were unaffected ( Figure 5E ; p > 0.05). We confirmed these results using Doc2a KO neurons ( Figures 5H-5M ). Importantly, expression of Doc2b in Doc2a KD neurons rescued the observed defects in asynchronous release (p > 0.05). Furthermore, the fast synchronous component of SV release remained unaffected in Doc2a KD neurons even when Doc2b had been expressed in these cells (Figures 5F and 5G ; p > 0.05). Hence, the effects of Doc2a and Doc2b on SV release are specific for the asynchronous phase of transmission.
Congruent with the effects of overexpression expression of Doc2 in syt I KO neurons ( Figures 4F and 4G) , upregulation of either Doc2 isoform in WT neurons resulted in the selective enhancement in the asynchronous phase of SV release (Figure S5) . These results further confirm the idea that Doc2 selectively regulates the asynchronous phase of release in WT neurons.
Doc2-Triggered Asynchronous Release Competes with Fast Synchronous Release for Synaptic Vesicles during High-Frequency Train Stimulation
Given the notion that, during repetitive stimulation, synchronous release might be enhanced when asynchronous release has been attenuated due to potential competition for the same set of vesicles (Hagler and Goda, 2001; Otsu et al., 2004) , we examined synaptic responses evoked by high-frequency train stimulation (20 Hz/40 APs) under a variety of conditions ( Figure 6A ). We first estimated the RRP size by extrapolating the cumulative charge transfer during the train (Liu et al., 2009 ) and found, consistent with Figure 4E , little change in Doc2a KD neurons ( Figure 6B ; p > 0.5). However, we did observe a small but significant reduction in the RRP size in AM-EGTA treated neurons (p < 0.001) due to impairment of both the asynchronous ( Figure 5D ) and synchronous phases of release ( Figure 5F ).
To probe for changes in asynchronous release resulting from Doc2a KD during train stimulation, we calculated the tonic charge as the difference between the total and phasic charge (Groffen et al., 2010; Hagler and Goda, 2001; Otsu et al., 2004) and observed a lower fraction of tonic charge transfer in Doc2a KD-treated neurons, as compared to control neurons ( Figure 6C ). However, even in AM-EGTA-treated neurons, we still observed some degree of tonic charge transfer during the train ( Figures 6A and 6C ). These tonic currents can probably be attributed to accumulation of neurotransmitter in the synaptic cleft and, possibly, to spillover from neighboring synapses (Hagler and Goda, 2001; Kullmann and Asztely, 1998; Makino and Malinow, 2009; Tong and Jahr, 1994) .
To distinguish the tonic current induced by ''real'' asynchronous presynaptic release from the tonic current caused by glutamate accumulation, we analyzed the cumulative charge transfer kinetics at the beginning of the stimulus train before glutamate can accumulate in the synaptic cleft. We found that Doc2 KDand AM-EGTA-treated neurons both exhibited slower rates of tonic charge build-up during the early stages of the train (Figure 6D) , as compared to control neurons. These results were confirmed by the histograms shown in Figures 6E-6G . Furthermore, and consistent with the data reported above regarding EPSCs triggered by single action potentials, the first EPSC in the train exhibited a much faster decay in Doc2a KD neurons or AM-EGTA treated neurons (Figures 6H and 6I ; p < 0.001), again demonstrating attenuated asynchronous release. Doc2a KD-and AM-EGTA-treated neurons exhibited slower rates of synaptic depression, versus control neurons, during repetitive stimulation ( Figure 6J ). These findings indicate that attenuation of asynchronous release makes more vesicles available for synchronous release, consistent with previous studies (Hagler and Goda, 2001; Otsu et al., 2004) . Interestingly, the rate of synaptic depression at the beginning of the train in AM-EGTA-treated neurons was similar to control neurons, whereas depression in Doc2a KD neurons was significantly slower. During short-term synaptic plasticity, residual Ca might contribute to SV priming (Thomson, 2000) to increase the number of releasable vesicles. Thus, the difference between Doc2a KD-and AM-EGTA-treated neurons is likely due to the buffering of residual Ca 2+ by AM-EGTA. However, it remains possible that, in Doc2a KD neurons, a third Ca 2+ sensor might respond to residual Ca 2+ to drive phasic release. In summary, Doc2a KD reduces the tonic phase of transmission during high-frequency stimulation.
We confirmed these KD results by recording from Doc2a KO neurons during train stimulation ( Figure S6A ). Doc2a KO neurons also exhibited a lower fraction of tonic charge transfer and a slower rate of synaptic depression ( Figures S6B and S6C) , consistent with our observations using a KD approach.
Doc2-Triggered Asynchronous Release Is Crucial for Persistent Reverberatory Activity in Neural Networks
Persistent reverberatory activity has been proposed to be important for learning and memory (Lau and Bi, 2005) . Because reverberation can be abolished by AM-EGTA (Lau and Bi, 2005; Volman et al., 2007) , it was suggested that asynchronous release underlies this long-lived form of recurrent excitation. So, in the final series of experiments, we sought to determine whether Doc2 plays a role in the induction and maintenance of persistent reverberatory activity in neural networks (Figure 7) . To address this question, hippocampal neurons were cultured at a high density to support persistent reverberation ( Figure 7A ). We found that KD of Doc2a strongly diminished both the occurrence and maintenance of reverberation (Figures 7B-7D) . Therefore, Doc2-triggered asynchronous release is critical for reverberation in this neural network.
DISCUSSION
Doc2 was initially discovered via efforts to isolate cDNA encoding novel C2 domain-harboring proteins Sakaguchi et al., 1995) . As alluded to in the Introduction, early studies revealed that Doc2 interacts with Munc13 and Munc18, suggesting that it might play a role in vesicle priming or docking (Duncan et al., 1999; Friedrich et al., 2008; Higashio et al., 2008; Mochida et al., 1998; Naito et al., 1997; Orita et al., 1997; Verhage et al., 1997) . More recently, loss of Doc2 was shown to result in a decrease in the frequency of Ca 2+ -dependent spontaneous SV fusion events in neurons (Groffen et al., 2010; Pang et al., 2011) .
In the present study, we demonstrate that Doc2 binds Ca
2+
and PS-bearing membranes more slowly than syt I and ''hangs onto'' membranes for hundreds of ms after removal of free Ca 2+ , suggesting that this protein might drive SV exocytosis during the slow asynchronous phase of transmission. Indeed, we demonstrate that, in hippocampal neurons, Doc2 specifically determines the extent of asynchronous SV exocytosis. Hence, Doc2 is a Ca 2+ sensor that is kinetically tuned to regulate the slow component of transmitter release.
Doc2 Fulfills the Biochemical Requirements for Asynchronous Neurotransmitter Release
We have extended the biochemical analysis of Doc2 by probing its interaction with full-length membrane-embedded t-SNAREs, which more closely mimics the native environment. The use of full-length SNAREs is critical because removal of even the lone transmembrane domain of syntaxin profoundly affects the biochemical properties of the protein (Lewis et al., 2001) . Moreover, we utilized a ''split t-SNARE'' assay in which free SNAP-25 is added in trans to fusion reactions that harbored reconstituted syntaxin and syb-bearing vesicles; under these conditions, SNAREs alone are unable to drive fusion. Analogous to earlier work on syt (Bhalla et al., 2006; Hui et al., 2011) , we found that Ca 2+ ,Doc2 drives the assembly of functionally active SNARE complexes, resulting in fusion. Together, these experiments demonstrate that Doc2 not only binds stoichiometrically to membrane-embedded t-SNAREs, but that Ca
2+
,Doc2 can also carry out work on SNARE proteins. Moreover, we demonstrate that Doc2 must also bind to PS in order to trigger fusion in vitro. This property is also analogous to syt; clearly, PS is a critical effector for both syt and Doc2 .
Though it has been suggested that the slow Ca 2+ sensor might possess a higher Ca 2+ sensitivity than the fast Ca 2+ sensor syt I, which we observed for Doc2 ( Figure 1B) , modeling studies argue that the forward Ca 2+ binding rate (Shahrezaei and Delaney, 2005) , rather than the steady-state affinity, dictates the activation of Ca 2+ sensors in nerve terminals. Our stopped flow experiments indicated that Doc2 triggers vesicle release in an asynchronous manner because it binds and unbinds to Ca 2+ /membrane on relatively slow timescales. By extrapolating the t values in Figure S2 for the disassembly of Ca
,Doc2,membrane complexes with EGTA at 25 C, we observed that the in vitro data (Doc2a, $150 ms and $207 ms for 15% and 25% PS, respectively; Doc2b, $120 ms and $192 ms for 15% and 25% PS, respectively) are consistent with measurements made in neurons (t $175-256 ms for the charge transfer during asynchronous release). In summary, these findings reveal that the kinetic properties of Doc2 fulfill the kinetic requirements for the Ca 2+ sensor for asynchronous synaptic transmission.
Doc2 Is Required for Asynchronous Neurotransmitter Release in Hippocampal Neurons
The finding that slow release persists in syt I KO neurons prompted a ''two Ca 2+ sensor'' hypothesis in which syt I served as the fast sensor and another Ca 2+ -binding protein served as the slow sensor. Though the data reported here indicate that Doc2 serves as a slow Ca 2+ sensor that mediates asynchronous release, we cannot rule out the possibility that Doc2 acts to enable another sensor. Moreover, the two-sensor model is likely to be an oversimplification. Indeed, recent studies indicate that syt II is a fast Ca 2+ sensor in the calyx of Held synapses (Sun et al., 2007) , whereas otoferlin has been proposed to serve as a Ca 2+ sensor for exocytosis in cochlear inner hair cells (Johnson and Chapman, 2010; Roux et al., 2006) . Moreover, other ferlins are also expressed in neurons where they might mediate excitation-secretion coupling (Galvin et al., 2006) . The situation for cortical neurons might be even more complicated. Although syt I also functions as the Ca 2+ sensor for the fast synchronous release in these neurons, a fraction of syt I KO inhibitory cortical neurons exhibit fast synchronous release that is potentially regulated by syt II. Similarly, it was recently reported that Doc2 does not regulate evoked GABAergic SV release in inhibitory cortical neurons (Pang et al., 2011) . However, KD of Doc2 protein was not demonstrated in that study, and though clear conclusions cannot be drawn, it remains possible that cortical neurons employ additional or redundant Ca 2+ sensors for asynchronous release such that putative loss of Doc2 has little effect on transmission.
Here, we identified Doc2 as a Ca 2+ sensor for asynchronous release in excitatory hippocampal neurons, whereas syt VII was recently reported to modulate asynchronous release at the zebrafish neuromuscular junction (Wen et al., 2010) . We note that loss of syt VII was reported to have no effect on synaptic transmission in small central synapses (Maximov et al., 2008) , so the disparate findings regarding the syt VII KO phenotype in mice and fish might be species-specific differences. Nonetheless, an interesting emerging idea is that individual fusion machines might contain mixtures of fast and slow Ca 2+ sensors, and the type and copy number of each sensor might fine-tune the Ca 2+ sensitivity (in C2A), 342, and 344 (in C2B) were mutated to Asn in Doc2a-CLM. The bacterial expression vector for full-length mouse synaptobrevin 2 (syb) (pTW2), cDNA for full-length rat syntaxin 1A, and the cytosolic domain of mouse syb (cd-syb; aa 1-94) were provided by J.E. Rothman (New Haven, CT). cDNA encoding rat SNAP-25B was provided by M.C. Wilson (Albuquerque, NM). Full-length syntaxin 1A, SNAP-25B, and cd-syb were subcloned into pTrcHis to generate N-terminal His 6 fusion proteins for expression in E. coli. A plasmid to generate full-length syntaxin 1A,SNAP-25B heterodimer in E. coli was described previously (Chicka et al., 2008) . For overexpression and KD experiments in neurons, a bicistronic lentiviral vector system, pLox Syn-DsRed-Syn-GFP (pLox), was used by substituting either the DsRed or GFP coding sequence with the cDNA for human Doc2a or Doc2b or their corresponding shRNA sequence (Origene Technologies Inc.). The pEGFP vector, encoding mouse Doc2b-GFP fusion protein, was provided by R. Duncan (Edinburgh, Scotland).
Fusion Assays and Data Analysis
Fusion assays were carried out in white-bottom 96-well plates in total reaction volumes of 100 ml using a BioTek Synergy HT plate reader equipped with 460/ 40 nm excitation and 530/25 nm emission filters. Each reaction contained 4.5 ml of t-SNARE vesicles or protein-free vesicles, 0.5 ml of NBD-rhodamine-labeled v-SNARE vesicles, and 0.2 mM EGTA. Syt or Doc2 were added to each reaction as indicated in the figures. Samples were incubated at 37 C for 20 min followed by injection of Ca 2+ to give a final concentration of 1 mM unless otherwise indicated; reactions were monitored for an additional 60 min. The maximum fluorescence signal was obtained by addition of n-dodecyl b-D-maltoside to each reaction well as described Tucker et al., 2004) . The fusion data were normalized by setting the initial signal, prior to the addition of Ca 2+ , to 0%, and the maximal fluorescence signal, obtained using detergent, to 100%. Data were plotted and analyzed using Prism 4.0 software (GraphPad).
Stopped-Flow Rapid Mixing Experiments
Liposomes composed of 15% PS 25% PE, 55% PC, 5% dansyl-PE or 25% PS, 25% PE, 45% PC, and 5% dansyl-PE were rapidly mixed with the tandem C2 domains of syt I, Doc2a, or Doc2b at 14 C, 22 C, and 30 C using an SX.18MV stopped-flow spectrometer (Applied Photophysics, Surrey, UK) as described previously (Hui et al., 2005) . For association experiments, twice the indicated amount of liposomes plus 0.2 mM Ca 2+ in one syringe was rapidly mixed with 4 mM protein to yield final concentrations of 0.1 mM Ca 2+ , 2 mM protein, and the indicated concentration of liposomes. FRET was monitored by exciting aromatic residues at 280 nm and monitoring the emission of the dansyl acceptor via a 470 nm cut-off filter. For disassembly experiments, 44 nM liposomes, 0.2 mM Ca 2+ , and 4 mM protein in one syringe were rapidly mixed, 1:1, with 2 mM EGTA. All data points are the average of three independent experiments in which at least five separate traces were averaged for each experiment.
Mouse Strains, Cell Culture, Lentiviral Infection, and Transfection Syt I KO mice were obtained from Jackson Laboratory (Bar Harbor, ME), and Doc2a KO mice were provided by M. Verhage (Amsterdam, Netherlands) (Groffen et al., 2010) . Hippocampal neurons were dissected from newborn mice and incubated in a digestion solution that contained 0.25% trypsin-EDTA (Mediatech), 20 mM glucose, and 25 U/ml DNase. The tissue was washed using Hank's buffered salt solution plus 5 mM HEPES (Mediatech), 20 mM D-glucose, and 10% fetal bovine serum (FBS) (GIBCO) mechanically dissociated in culture medium and plated on poly-D-lysine-coated glass coverslips. Cells were grown in Neurobasal culture medium (GIBCO) supplemented with 2% B27 (GIBCO) and 2 mM Glutamax (Invitrogen). Cultures were maintained at 37 C in a 5% CO 2 -humidified incubator.
Lentiviral particles were generated by cotransfecting HEK293T cells with virus packaging vectors (vesicular stomatitis virus G glycoprotein and D8.9) and the pLox vectors containing either mouse Doc2a/b shRNA or human Doc2a/b. Virus particles were collected by ultracentrifugation at 25,000 rpm in an SW-28 rotor (Beckman) in a final volume of 100 ml. Virus was added to neurons at 5 days in vitro (DIV), and these neurons were analyzed at 15-17 DIV. For immunoblot blot analysis using HEK293T cells, the cells were grown in DMEM plus 10% FBS and transfected with Doc2b-GFP with or without Doc2b shRNA using a CalPhos mammalian transfection kit (Clontech).
Electrophysiology
Whole-cell patch-clamp recordings were performed in voltage-clamp mode using a MultiClamp 700B amplifier (Molecular Devices). The recording chamber was continuously perfused with a bath solution (128 mM NaCl, 30 mM glucose, 5 mM KCl, 5 mM CaCl 2 , 1 mM MgCl 2 , and 25 mM HEPES [pH 7.3]) via a Warner (Hamden, CT) VC-6 drug delivery system. 50 mM D-AP5 (NMDA receptor antagonist; Tocris) and 20 mM bicuculline (GABA A receptor antagonist; Tocris) were applied to isolate AMPA receptor-mediated EPSCs. Patch pipettes were pulled from borosilicate glass and had resistances of 3-5 MU when filled with internal pipette solution (130 mM K-gluconate, 1 mM EGTA, 5 mM Na-phosphocreatine, 2 mM Mg-ATP, 0.3 mM Na-GTP, and 10 mM HEPES [pH 7.3]). The series resistance was typically < 15 MU and partially compensated to 60%-80%. The membrane potential was held at À70 mV. To record evoked EPSCs, presynaptic neurons were stimulated using a theta stimulating electrode, with a voltage step from 0 V to 20-30 V for 1 ms, to trigger an action potential; evoked synaptic release was recorded from the postsynaptic neurons. To test the influence of AM-EGTA (Santa Cruz Biotechnology) on evoked release, neurons were preincubated for 30 min with 25 mM AM-EGTA in the bath solution to allow the diffusion of AM-EGTA into cells. To record mEPSCs, 0.5 mM tetrodotoxin (fast sodium channel blocker; Tocris) was added to the bath solution. Data were acquired using pClamp software (Molecular Devices), sampled at 10 kHz, and filtered at 2 kHz. Off-line data analysis of EPSCs was performed using Clampfit and Igor (WaveMetrics) software. Cumulative plots of the total charge transfer were fitted by a double exponential function, using Igor software, to analyze the fast synchronous and slow asynchronous components of synaptic transmission. A single exponential function was used to fit cumulative charge transfer to analyze the overall kinetics of EPSCs in Figure S4 . The rise and decay time of EPSCs were measured using Clampfit software. Experiments were performed at room temperature. Data are presented as the mean ± SEM.
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